The major purpose of this study was to determine the effects of procyanidins extracted from the lotus seedpod on cAMPresponse element-binding protein phosphorylation in hippocampus and cerebral cortex in cognitively impaired aged rats. Based on Morris water maze, aged unimpaired and aged impaired rats were chosen from aged rats. Comparing with young and aged unimpaired animals, aged impaired rats exhibited significant reduction in hippocampal but not cortical cAMP-response element-binding phosphorylation states as well as brain-derived neurotrophic factor messenger RNA and protein expressions, which were accompanied by decreased phosphorylation states of hippocampal extracellular signal-related kinase (42/44) and calcium calmodulin kinase IV. Lotus seedpod supplementation (50 and 100 mg/kg body weight intragastric administration) for 7 weeks significantly reversed all these declines happened in hippocampus except calcium calmodulin kinase IV phosphorylation levels. These results suggested that lotus seedpod might enhance cAMPresponse element-binding-dependent transcription through the activation of extracellular signal-related kinase signalling pathway, which might contribute to its ameliorative effects on cognitive deficits in aged impaired animals.
F
OR most species, aging is a group of inevitable processes involving a variety of progressive physiological and pathological changes. In central nervous system (CNS), the aging process is known to cause problems with cognition, even in the absence of pathological disorders such as Alzheimer's disease. A number of studies have demonstrated the marked declines in learning and memory abilities in the course of normal aging (1) (2) (3) .
cAMP-responsive element-binding (CREB) protein is a member of a large family of structurally related transcription factors that bind to promoter cAMP-responsive element sites (4) . It regulates target gene transcription and has been implicated in a wide range of biologic processes when activated by phosphorylation at Ser 133 . In CNS, CREB has been demonstrated to be essential in the process of memory formation. A lot of evidence from a variety of species has shown that CREB possesses a critical role in consolidation of long-term memory (5-9). Intrahippocampal infusion of CREB antisense oligonucleotides against CREB messenger RNA (mRNA) results in an impairment in long-term memory (8) . Similarly, mutant animals, which showed a 75% reduction in CREB level, also produce concomitant impairment of long-term memory but show normal short-term memory (5) . In contrast, gain of function in CREB is able to enhance memory. For example, overexpressing of CREB (10) or a CREB activator (9) both facilitated long-term memory in rat or Drosophila.
A large number of intracellular signal transduction pathways converge on CREB and regulate CREB activity (11) , indicating that multiple extracellular signals are involved in the regulation of CREB-driven transcription. In CNS, the protein kinase A (PKA), mitogen-activated protein kinase, and calcium calmodulin kinase IV (CaMKIV) signaling pathways may be most important in the regulation of CREB phosphorylation (11, 12) . Previous studies have reported decreased level of CREB phosphorylation in the hippocampus Memory Impairment in Cognitively Impaired Aged Rats Associated With Decreased Hippocampal CREB Phosphorylation: Reversal by Procyanidins Extracted From the Lotus Seedpod during normal aging (13, 14) , which leads to a marked agedependent decrease in the CREB activity (15) and reduced gene expression required for long-term memory, such as brain-derived neurotrophic factor (BDNF). As a result, aged rodents exhibit significantly reduced long-term memory capacities (16) . Therefore, the decreased CREB activity can be strategically positioned to contribute to memory deficits during normal aging. Procyanidins are flavonoids with an oligomeric structure, which are widely distributed in fruits, vegetables, seeds, flowers, bark, and wines. In recent years, these compounds have received increased attention in many fields, such as nutrition, medicine, and health due to their excellent antioxidant capacity and a broad spectrum of safety. Procyanidins possess significantly better free radical scavenging capability than vitamin C, E, or b-carotene (17) . In addition, these compounds have a wide range of biologic activities, including antibacterial, antiviral, antiinflammatory, and anticarcinogen actions (18) .
Aside from the beneficial properties previously mentioned, we and other researchers have found that procyanidins are able to ameliorate the learning and memory impairment in the cognitively impaired individuals, such as scopolamine-induced memory impairment mice (19) , senescence-accelerated mice (20, 21) , aged rats (22) , or elderly population (23) , and the mechanisms involved were mainly the rejuvenations of antioxidant (20) (21) (22) and cholinergic (19, 22) systems. Recently, researches have shown that certain flavonoids are able to enhance long-term potentiation and learning through mitogen-activated protein kinase-CREB mechanism (24, 25) . Procyanidins subunit (−)-epicatechin has also been reported to exert modulatory actions in neurons by actions at mitogen-activated protein kinase signaling pathway (26) . Therefore, it is certainly to be expected that the role of procyanidins in learning and memory for the cognitively impaired aging individuals may be mediated through the modulation of CREB activity in memory-related brain regions. In this study, we use the procyanidins extracted from the lotus seedpod (LSPC), which has been reported to have ameliorative effects on cognitive deficits in aging rodents (19, 21, 22) , to assess the effects of these compounds on CREB activity in hippocampus and cerebral cortex, two brain regions critical to learning and memory, of cognitively impaired aged rats.
Materials and Methods

Materials
The powder of LSPC was gained from the Natural Product Laboratory of Huazhong Agriculture University (China). Its extraction and isolation (19, 27) , chemical character (such as the composition and molecular weight) (27) , as well as other characterization have been reported in detail (19, 21, 27, 28) .
Animals
Two hundred 13-month-old female Sprague-Dawley rats were obtained from Sino-British Sippr/BK (Shanghai, China). The rats were housed individually and maintained at a controlled ambient temperature (24 ± 1°C) under diurnal conditions (light-dark: 08:00-20:00) with access to laboratory chow and tap water ad libitum. Forty young female controls were obtained at 3 months of age from the same supplier. At the time of the experiment, the young adult animals were 4 months of age, and the aged animals were 18 months of age. The health of the animals was monitored weekly by a veterinarian, and any animals with overt signs of chronic respiratory distress, infection, or tumors were removed from the study. The animals were cared for in accordance with the Guiding Principles in the Care and Use of Animals. The experiment was approved by the Tongji Medical College Council on Animal Care Committee, Huazhong University of Science and Technology, China.
Behavioral Screening
Aged rats were screened for memory impairment by Morris water maze test, and the process had been described in detail in our previous work (22) . The cognitive status of an aged animal was determined on the basis of its escape latencies on Days 3-5 of testing in Morris water maze relative to the mean latency of young controls. An aged impaired (AI) rat was defined as one whose mean latency (across Days 3-5 of testing) differed by >3.0 SDs from that of young controls. An aged animal was considered unimpaired (AU) if its mean latency score was <0.5 SD from the mean of the young controls. Aged animals whose mean escape latencies fell between these values were not used in any further tests.
Study Design
The rats in young control group (n = 14) and AU group (n = 16) were randomly selected from the young rats and AU rats, respectively. The animals categorized as AI were randomly subdivided into three groups consisting of 16 animals each: AI group, low, and high dose LSPC (L-and H-LSPC) groups. Rats in L-and H-LSPC groups were given 50 and 100 mg/kg body weight LSPC orally by a gavage daily for 7 weeks, respectively. The powder of LSPC was dissolved in distilled water, and the LSPC solution was freshly prepared every day throughout the experimental period. The other three groups were given orally an equivalent volume of distilled water daily.
The learning and memory abilities of rats in different groups were assessed by retraining the animals in Morris water maze with entirely different cues and testing the animals as before. On each day of the behavioral tests period, animals continued to be administered by oral gavage 1 hour before the first trial session. The behavioral performances in Morris water maze trials for these animals had been reported in full in our previous article (22) .
Tissue Preparation
After completion of water maze test, the number of rats in groups young, AU, AI, L-, and H-LSPC was 14, 14, 13, 12, and 13, respectively. All animals were killed by decapitation under anesthesia, and the brain was immediately removed, washed with ice-cold normal saline, and the hippocampus and cerebral cortex were dissected. Four animal samples in each group were randomly selected and frozen in liquid nitrogen and stored at −80°C for real-time polymerase chain reaction and Western blot analysis. The remaining animal samples were prepared for another study (22) .
Reverse Transcription by Real-Time Polymerase Chain Reaction
Total RNAs of the hippocampus and cerebral cortex in right hemisphere were isolated using Trizol (Invitrogen, Carlsbad, CA) as directed by the manufacturer's instruction of the kit. Using the RT system (Takara Bio, Dalian, China), complementary DNA was synthesized from 2 mg at 37°C for 15 minutes followed by 85°C for 5 seconds. Real-time polymerase chain reaction was performed with SYBR Premix Ex TaqTM (Takara Bio), using the ABI 7900HT real-time thermocycler (Applied Biosystems, Forster, CA), and the cycle conditions were 95°C for 30 seconds and 40 cycles of 95°C for 5 seconds and 60°C for 30 seconds. The dissociation curve of each gene was performed and analyzed using the ABI 7900HT software, and the result confirmed the product specificity. Each sample was analyzed three times and normalized to b-actin. The results of real-time polymerase chain reaction were analyzed with the 2 −DDCt method as previously described (29) . The sequences of the primers for the genes in this study were as follows. BDNF: forward 5′-AGGCACTGGAA CTCGCAATG-3′, reverse 5′-AAGGGCCCGAACATAC GATT-3′ and b-actin: forward 5′-GGGAAATCGTGCG TGACATT-3′, reverse 5′-GCGGCAGTGGCCATCTC-3′.
Western Blot Analysis
Hippocampus and cerebral cortex in left hemisphere were homogenized with a glass homogenizer in ice-cold lysis buffer containing 50 mM Tris, pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 1% sodium deoxycholate, 1% sodium dodecyl sulfate, 0.1 mM dithiothreitol, 0.05 mM phenylmethyl sulfonylfluoride, 10 mM NaF, 0.5 mM Na 3 VO 4 , and protease inhibitor cocktail (Amresco, Solon, OH) and then left at 4°C for 2 hours. The supernatant was then collected by centrifuge at 4°C at 10,000g for 15 minutes, and protein content was estimated by the BIO-RAD Dc protein assay reagent (Bio-Rad, Hercules, CA). Samples were mixed with sodium dodecyl sulfate sample buffer and incubated for 5 minutes at 98°C before loading. An equal amount of tissue proteins (30-50 mg per lane) was separated by 12%-15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and then proteins were transferred to polyvinylidene difluoride membranes (0.45-or 0.22-mm pore size) by semidry electroblotting. The membranes were blocked with 5% bovine serum albumin for 1 hour at room temperature and incubated with a specific primary antibody overnight at 4°C, followed by incubation with a species appropriate horseradish peroxidase-conjugated anti-rabbit antibody (1:3000; Proteintech Group, Inc., Chicago, IL) for 1 hour. After washing, the immunoreactive bands were detected by means of either SuperSignal West Pico-or SuperSignal West Dura-enhanced chemiluminescene solution (Pierce, Rockford, IL). The images were captured and analyzed using the GeneSnap and GeneTools software (Syngene, Cambridge, UK), respectively. Relative band intensities were calculated as a ratio of the phosphorylated protein to total protein in the case of CREB, extracellular signal-related kinase (ERK) 42/44, and CaMKIV. 
Statistical Analysis
Values are presented as mean ± SEM. The measurement data were analyzed by one-way analysis of variance, followed by the Fisher paired least significant difference post hoc test if the overall differences were significant (p < .05). All statistical analyses were performed using SPSS 13.0 statistical software (SPSS Inc., Chicago, IL), and a difference was considered significant when p < .05.
Results
Effect of LSPC on CREB Phosphorylation in Hippocampus and Cerebral Cortex
As shown in Figure 1 , there were no significant alterations in hippocampal CREB phosphorylation between young and AU animals. However, the phosphorylation states of CREB in hippocampus of AI animals were markedly lower than that of young and AU animals. Supplementation of LSPC led to significant increase in hippocampal CREB phosphorylation with a dose-dependent manner. Although animals in L-LSPC supplementation group still exhibited significantly lower hippocampal levels of CREB phosphorylation as compared with young and AU animals, their levels of hippocampal CREB phosphorylation were marked higher than AI animals. In addition, animals in H-LSPC supplementation group had comparable degrees of hippocampal CREB phosphorylation to their young and AU counterparts. All groups were not significantly different from each other in cortical CREB phosphorylation.
Effect of LSPC on BDNF mRNA and Protein Levels in Hippocampus and Cerebral Cortex
As shown in Figures 2 and 3 , hippocampal BDNF mRNA and protein levels were comparable between young and AU groups, whereas both levels were markedly reduced in hippocampal regions of AI animals compared with that measured in young and AU animals. However, AI animals with LSPC supplementation uniformly exhibited significantly higher hippocampal BDNF mRNA and protein expression than AI animals and reached to the comparable levels of their young and AU counterparts. As for the BDNF mRNA and protein expression in cerebral cortex, no significant changes were detected in any of the groups.
Effect of LSPC on ERK 42/44, CaMKIV, and PKA C-a in Hippocampus
As shown in Figure 4 , animals in all the experimental groups had comparable total ERK42 and ERK44 protein levels in hippocampal regions. It exhibited no marked modification in states of ERK42 and ERK44 protein phosphorylation in hippocampus between young and AU animals, whereas the significant lower states of phosphorylation in hippocampal ERK42 and ERK44 protein were observed in AI animals relative to young and AU animals. Animals in group with L-LSPC supplementation had a tendency to elevate the phosphorylation states of hippocampal ERK42 relative to AI rats, and rats in group with H-LSPC supplementation revealed further significant increase in that and were comparable with young animals. The phosphorylation states of hippocampal ERK44 in both LSPC groups were substantially increased than that in AI group and reach to the level of AU group. Furthermore, there were no significant difference in hippocampal ERK44 phosphorylation states between young and H-LSPC groups.
As shown in Figure 5 , there were no statistically significant differences in total CaMKIV protein levels in hippocampal regions in all the experimental groups. Hippocampal CaMKIV phosphorylation state in AU group was comparable with young group, whereas substantial decrease in phosphorylation states of this kinase was detected in AI animals relative to young and AU counterparts. However, the phosphorylation states of this protein did not significantly increase in response to LSPC supplementation, and hippocampal CaMKIV phosphorylation states in both LSPC supplementation groups were still comparable with AI group. In addition, no substantial alterations in the level of PKA C-a were detected among all the experimental groups.
Discussion
Learning and memory is one of the most fundamental physiological functions of CNS. More and more evidence indicates that synaptic plasticity is considered a potential cellular mechanism underlying learning and memory. According to the synaptic plasticity and memory hypothesis, which is first articulated by Marti and colleagues (30) , "activity-dependent synaptic plasticity is induced at appropriate synapses during memory formation and is both necessary and sufficient for the information storage underlying the type of memory mediated by the brain area in which that plasticity is observed" (30) . Synaptic plasticity can be divided into two temporally distinct forms: a short-term form, which lasts minutes and depends on the covalent modifications of preexisting proteins and the strengthening of preexisting connections; and the long-term forms, which last lasting days and weeks and require new protein synthesis as well as the establishment of new synaptic connections (31, 32) .
CREB is a key component to control the expression of a large number of genes and specifically bind to the conserved cAMP-responsive element sites (TGACGTCA), which is present in the promoter regions of many inducible genes. When this protein is activated by activity-dependent phosphorylation at Ser 133 , it promotes the recruitment of the transcriptional coactivator CREB-binding protein and initiates the transcription of target genes (4) . Because the CREB regulon (33) or transcriptome (11) is distinct in different cell types (34) , this protein can exert its physiological function highly tissue specifically. CREB has been reported to regulate a large number of physiological processes, such as pituitary function, immune response, and reproduction (35) . In CNS, this protein also plays critical roles in neuronal survival, circadian rhythms, memory consolidation, addiction, and synaptic refinement (33) , and among them, its roles in learning and memory have received major attention in two decades. Substantial evidence from a variety of species indicates that CREB is the critical molecular switch that converts short-to long-term memory, and the key mechanism is that CREB activation elicits the expression of genes, which is required for the cellular events underlying long-term but not short-term memory, such as immediate-early genes (36, 37) . The neurotrophin BDNF gene is also a CREB target (38, 39) , and its protein product has emerged as a critical component to involve in different aspects of learning and memory processing (36,40)-in particular, in memory persistence and storage. A large body of evidence indicates that BDNF has a number of important functions in the long-term forms of synaptic plasticity in different brain areas. For example, BDNF exerts complex modulation of dendritic and axonal morphogenesis in neurons (41) (42) (43) and has a role in the formation and maintaining of new synaptic connections (44) . In addition, BDNF is also required for short-term memory formation because it can modulate short-term synaptic function (40) .
Age-related decrease in phosphorylated CREB has been reported in the hippocampus of aged rodents (13, 14, 25, 45) . In accord with these studies, the present study also observed decreased phosphorylation state of CREB in hippocampus of AI rats in comparison with young animals, whereas the AU animals exhibited roughly equivalent hippocampal phosphorylation state of CREB to young animals. These meant that the phosphorylation state of CREB in hippocampus was not due solely to chronological age and was also associated with spatial memory decline during aging (13, 25, 45) . The transcriptional activity of CREB directly depends on its phosphorylation state; the deficit of CREB activity in hippocampus of AI rats underlied the attenuation of transactivation of genes by CREB, which certainly led to reduction of the transcription and protein synthesis required for long-term memory formation. As a result, hippocampal BDNF mRNA and protein levels were decreased in AI animals. Abnormal hippocampal synaptic plasticity was believed to be one of mechanisms responsible for age-related memory decline (46) . The observed reductions in CREB activity as well as BDNF level in hippocampus of AI rats might impair synaptic plasticity and might be linked to the poor performance in spatial memory tasks observed in our and others' studies (13, 22, 25, 45) . In accordance with the unchanged hippocampal levels of active CREB, AU animals also displayed comparable levels of BDNF mRNA and protein in hippocampus to young rats, indicating that AU animals might possess normal hippocampal synaptic plasticity and that matched with their cognitive performance. Different from the alteration patterns in hippocampus of AI and AU rats, no any substantial changes were observed in active CREB as well as BDNF mRNA and protein levels in cerebral cortex in either AI or AU rats in comparison with young animals. These results suggested that alterations of hippocampal but not cortical CREB phosphorylation states as well as BDNF mRNA and protein levels accounted for the reduced cognitive behaviors in AI animals. CREB phosphorylation is triggered by different signaling pathways, and a multitude of important protein kinases have been shown to activate this protein. In neurons, although other kinases have also been implicated in this phosphorylation, the PKA, mitogen-activated protein kinase, and CaM-KIV kinase pathways appear to be most important to phosphorylate CREB at Ser 133 after neuronal stimulation (11, 12) . Therefore, we were largely concerned with the alterations of these kinases with advancing age and memory loss associated with age. In our experiments, hippocampal phosphorylation states of ERK 42/44 and CaMKIV had been found to be diminished in AI but not in AU animals, which suggested that decreased ERK 42/44 and CaMKIV kinases activity both contributed to the deficits of hippocampal CREB phosphorylation state in AI animals and thus correlated with the poor performance of these animals in Morris water maze. Similar results were also observed by Williams and colleagues (25) . Different from the other kinases, the hippocampal PKA catalytic subunits (PKA-C) in either AI or AU group remained essentially normal levels, indicating that hippocampal PKA activities were not affected by age or memory loss associated with age.
Procyanidins, one group of flavonoids, are oligomers and polymers of polyhydroxy flavan-3-ol monomeric subunits [(−)-epicatechin and/or (+)-catechin]. Lots of potential health benefits of procyanidins have been reported, and most of them have been attributed to their antioxidant properties (18, 28, 47) . The metabolites of procyanidins can cross the blood-brain barrier and be taken up and detected in brain (48) and thus exert neuroprotective properties. For example, previous experiments demonstrated that procyanidins had inhibiting effects on the lipid peroxidation (17, 22, 49) , protein oxidation, and accumulation of age-related oxidative DNA damage (22,50) in brain. The basic mechanisms of antioxidant activity of procyanidins are free radical scavenging activity, chelation of transition metals, inhibition of prooxidative enzymes, and attenuating age-related decline in antioxidant system (18, 22) . In addition to their antioxidant potential, these compounds and their in vivo metabolites may exert modulatory actions in neurons through actions at protein kinase and lipid kinase signaling pathways (26, 51) . For example, (−)-epicatechin, a component of procyanidins, and one of its metabolites, 3′-O-methyl-(−)-epicatechin, have been found to modulate the phosphorylation of ERK 42/44 and consequently increase CREB-mediated gene expression at physiologically relevant concentrations (26) . Another flavonoid fisetin and flavonoid-rich blueberry were also been reported to induce CREB phosphorylation by activating ERK and enhance memory (24, 25) . In the present study, LSPC supplementation significantly elevated the CREB phosphorylation state in hippocampus of AI rats in a dose-dependent manner, which paralleled the significant improvements in the performance of Morris water maze (22) . Moreover, the elevated CREB activity subsequently drove BDNF gene expression. As results, hippocampal BDNF mRNA and protein levels markedly increased in both LSPC supplementation groups, which was also associated with the recovery of spatial learning and memory.
LSPC supplementation substantially increased the phosphorylation state of ERK 42/44 rather than that of CaMKIV in hippocampus of AI rats. In addition, hippocampal activity levels of PKA were not affected by LSPC supplementation. These results indicated that LSPC supplementation could activate CREB by ERK, but not CaMKIV-and PKAmediated signaling pathway, and ultimately facilitate longterm memory formation. In support of this proposition, (−)-epicatechin has been found to activate ERK 42/44 in neurons (26) and enhance the retention of spatial memory of rodent in Morris water maze (52) .
In conclusion, our present results showed that AI animals exhibited significant impairment of hippocampal but not cortical CREB phosphorylation as compared with young and AU animals, and the decreased hippocampal phosphorylation states of ERK 42/44 and CaMKIV appeared to contribute to the impairment of CREB activity, which markedly decreased CREB-dependent transcription required for longterm memory formation. For example, hippocampal BDNF mRNA and protein levels in AI animals were markedly declined. These suggested that the reduction in hippocampal CREB activity might deeply involve the progression of cognitive deficits in AI animals. LSPC supplementation could activate hippocampal CREB through ERK-mediated signaling pathway and facilitate long-term memory formation and consequently ameliorated learning and memory dysfunction in AI animals (22) . 
